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MASS ADDITION IN THE STAGNATION REGION FOR VELOCITY UP
TO 50,000 FEET PER SECOND
By John T. Howe and Yvonne S. Sheaffer

Ames Research Center
Moffett Field, Calif.

SUMMARY

Solutions of the viscous shock layer equations with mass addition are
obtained. Flow-field equations include the effects of heat conduction, dif-
fusion of reacting species, and emission and absorption of gaseous radiation
for dissociated and partially ionized air in chemical equilibrium. Convec-
tive and radiative heating rates with mass addition are obtained from the
solutions. Algebralc eguations are derived for predicting the nose radius
that minimizes total heating rates at a given flight speed and shock-layer
pressure level. Values for the corresponding natural ablation rate, the
effective heat of ablation, the ratio of radiative to convective heating
rate, surface shear stress, and shock-wave standoff distance are given. The
effects of ablated gases that radiate more strongly than air are examined.
Rules for scaling flow-field structure with mass addition are discussed.
Solutions without mass addition at low Reynolds numbers where external vor-
ticity, energy depletion, and flow energy limiting are important are compared
with existing theory and experiments.

INTRODUCTION

The study of mass addition in the stagnation region is of interest
because any obJject, blunt or pointed, which enters the atmosphere at high
speed will generally have a blunted stagnation region as the material suffers
thermal erosion. Interest is further enhanced because the aerodynamic heating
rate is likely to be a maximum in the stagnation region.

The hot thin gas cap over the forward surface of an object entering a
planetary atmosphere is the host to a myriad of interrelated physical phenom-
ena. The study of the gas cap is especially cumbersome if the flow field is a
mixture of air and foreign species which were added to the flow because the
surface is ablating. The knowledge of mass addition effects at speeds below
which ionization and gaseous radiation effects may be neglected is very highly
developed from both the flow field and materials points of view. (A small
part of the extensive literature on the subject will be brought into the dis-
cussion subsequently where appropriate.) On the other hand, mass addition at
speeds greater than 30,000 ft/sec for which the gas cap is both ionized and
radiating has received comparatively little attention.



The purpose of this paper is to examine the effects of mass addition at
flight speeds greater than 30,000 ft/sec as it influences and is influenced
by some of the many other phenomena, parameters, and physical properties of
the gas cap. To this end we consider mass addition in the general sense,
transpiration, and in the special sense, ablation.

For mass addition in general, we particularly want to know its influence
on convective heating. Is heat blockage as effective at the higher speeds as
it is at the lower speeds? Do the existing correlation formulas obtained for
lovwer speeds apply at high speeds?

With respect to ablation, we are especially interested in finding the
conditions for which the total heating rate at a given flight condition and
given material 1s minimized, for two reasons. First, minimum heating of
itself is intrinsically advantageous. ©Second, it gives one ideal situation
in terms of nose radius and ablation rate at each flight condition for which
we can examine some of the other guestions of interest, thus affording some
economy in the range in which other parameters need be varied. We obtain an
appreciation of what may be achieved under advantageous conditions.

Other questions have to do with the effect of mass addition on related
quantities. For example, we may expect that mass addition will alter the
flow-field structure and change the standoff distance. At once the qguestion
arises, What 1s the effect of altered standoff distance on radiative heating?
Moreover, the species added to the flow field may be expected to radiate dif-
ferently from air. The question is, How important might this effect be? Some
ablating materials suffer from lack of physical strength, so we are interested
in the magnitude of viscous shear stresses at the surface and how they compare
with pressure stresses. We are, of course, concerned with the relative impor-
tance of radiative to convective heatlng because it bears on the type of sur-
face useful for heat shielding, and it indicates where improvements in our
knowledge are more important - in gasecus radiation emission properties or in
total thermal conductivity of the gas. Ablation rates and effective heat of
ab}ation are of course important to determine at speeds greater than 30,000
ft/sec.

Because much of the experimental work on mass addition is performed in
ground-based facilities for which both the entry obJect and the environment
must be modeled, we wish to examine the prcoblem of scaling mass addition
effects.

Finally, because of increasing interest in pointed or very slightly
blunted entry bodies, low Reynolds number (based on nose radius) effects or
external vorticity effects have become important. This problem will be
examined briefly.
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SYMBOLS

defined by equation (13)

asymptote in expression for

defined by equation (10)

exponent in equation (2), evaluated in equations (3) and (4)
defined by equation (13)

ratio of convective heat-transfer rate to free-stream energy flux

local mass fraction of inert foreign species f or "pseudo" mass
fraction of reacting foreign species f (ref, 2)

local mass fraction of species 1 of ablation products
specific heat at constant pressure for species 1
defined by equation (13)

diffusion coefficient of species T

defined by equation (Al2)

dimensionless stream function defined by equation (A20)
dimensionless stream function at the wall
dimensionless enthalpy defined by equation (A22)
defined by equation (A2)

static enthalpy, equation (A9)

intrinsic heat of ablation defined by equation (6)
effective heat of ablation defined by equation (16)
heat of vaporization of species 1

total enthalpy, equation (A8)

Planck mean mass absorption coefficient

dimensionless coefficient, é;
5

zero for two-dimensional flow; unity for axisymmetric flow



R*

Re

Sc
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surface mass loss rate per unit area defined by equation (1)
exponent in equation (2), usually 3/2

equivalent Prandtl number containing actual specific heat of
mixture and total thermal conductivity

static pressure
convective heating flux at the surface with blowing
convective heating flux without blowing

net radiative heating flux accepted by the wall with blowing;
defined by equation (9)

net radiative heating flux accepted by the wall without blowing
incident gaseous radlant flux accepted by the wall with blowing
net heating flux accepted by the wall with blowing, equation (5)
net heating flux accepted by the wall without blowing

body nose radius

optimum nose radius which minimizes total heating

R 3 . .
Reynolds number, , except for figures 28, 29, 30 where it is
defined by the abscissa

defined by sketch (a)

Schmidt number, a
PDf
absolute temperature
dimensionless temperature, él

s
dummy optical depth
flight velocity
dimensionless flight velocity U(ft/sec)/lOé(ft/sec)
velocity parallel to body surface

total velocity of species 1 (mass average + diffusion velocity)

velocity normal to body surface



distance from stagnation point along body surface

distance normal to body surface

approximate ratio of absorption coefficient of foreign gas to
that of air at shock-layer pressure level and wall temperature

(ref. 1, p. 6)

fraction of incident gaseous radiation accepted by wall; sum of
surface absorptivity and transmissivity

constant in equation (22); depends on wall material

shock-wave standoff distance

Poo

density ratio across shock wave, B
s

wall emissivity
similarity variable defined by equation (A19)
coefficient of viscosity

transformed coordinate parallel to the body surface defined by
equation (A18)

mass density

Stefan-Boltzmann constant

optical depth defined by equation (Al1)
wall shear stress at body surface
defined by equation (A25)

ratio of convective heating rate with to that without mass

addition; aq&

Co
stream function defined by equation (A17)

Superscripts

derivatives with respect to the independent variable



Subscripts

a refers to intrinsic heat of ablation
air properties of air
c convective
eff effective
f foreign species
g gas
species 1 of ablation products
no vort without vorticity in the flow external to the boundary layer
o) without blowing or ablation
r radiative
s conditions Jjust behind the bow shock
T total
v vaporization
W conditions at the wall
co free-stream conditions

GENERAL FEATURES OF SOLUTIONS

In this study, we are concerned with both the structure of the stagnation
region flow field (which will be obtained from solutions of the flow-field
equations), and with quantities derived from flow-field solutions. The
details of the method of solution of the flow-field equations are contained
in appendix A and in reference 1.

Briefly, the conservation equations for mass, momentum, and energy are
solved in the stagnation region of blunt bodies from the body surface to the
shock wave. Momentum transport by viscosity and energy transport by conduc-
tion, diffusion of reacting species, and emission and absorption of radiation
are included in the integro-differential equations.

The thermodynamic and transport properties (radiative transport sometimes
excepted as discussed subsequently) of the mixture of air and injected gases
are assumed to be those of partially dissoclated and ionized air in chemical
equilibrium (ref. 1). This assumption should lead to reasonable results even
if the injected gases become jonized, if the ablation products are nitrogen,
oxygen, and carbon compounds, the reason being the similarities among these
species and their compounds. That is the atomic weights of monatomic species
are nearly alike, as are the molecular weights of diatomic species. Moreover,
the dissociation energy of COsp is close to that of Os; that of CN like that of
NO, CO like Ny, while CO, N, and O all have nearly the same first ionization
potential (which is not radically different from that of C). Actually, the
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bulk of the injected species will be near the wall of the body where the
temperature and degree of ionization are suppressed, and the argument of Lees
(refs. 2 and 3) may be employed. For nonionized gas mixtures, Lees has shown
that it is not necessary to understand the extraordinarily complicated details
of the chemical interaction between the atmospheric gas components and the
vaporized surface material insofar as convective energy transport is concerned
as long as the molecular weights and collision cross sections of the injected
gas and air are of comparable size, or that the ratio of mass diffusivity to
thermal diffusivity (Lewis number) of the mixture be near unity.

On the other hand, radiative transport by the mixture of injected vapor
and air may be significantly different from that of air alone. This behavior
is allowed for in the governing equations by including a quantity proportional
to the injected species concentration in the Planck mean mass absorption coef-
ficient expression and a diffusion equation to account for this species. In
the results to be presented, radiation from injected gases is specified to be
like that of air except where stated to the contrary.

The results of the analysis have been tested against those by others
where possible in order to establish the validity of the methocd. In refer-
ence 1 it was shown that the calculated structure of the flow field exhibits
both an isoenergetic shock layer and a boundary layer in the low speed (such
that energy depletion by radiation is negligible) high Reynolds number regime
as 1t should. The analysis reproduced the well-known effects on convective
heating of the assumption pp = const when pp was artificially set con-
stant. The shock standoff distances predicted by this method agree with those
predicted by other methods (e.g., ref. 4). When radiation coupling is negli-
gible, it produces convective heating results at high speeds (up to 50,000
ft/sec) that agree with the boundary-layer results of references 5 and 6 which
use the same transport properties. It will be seen subsequently that in the
low Reynolds number regime the method leads to flow fields which exhibit the
expected shock-layer vorticity structure and the corresponding enhanced sur-
face shear stress and convective heating rates. One additional test of the
method is shown in figure 1. The solid 1.0
lines are enthalpy profiles across the
flow field for the nose radii and flight

conditions noted, and the symbols are 8

the results of K. K. Yoshikawa (ref. 7),

corresponding to the one-dimensional 6 PRESENT ANALYS!S

flow of radiating air behind the shock i’j FOR APPROPRIATE

wave. It is seen that both analyses s CONDITIONS LISTED BELOW
show that the shock layer is nonisoener- 4 v, ft/sec R,ft pg,atm
getic and both give the same results for o 40,000 I 10
that half of the flow field nearest the 2 REF. 7 { © 50,000 ] |
shock. The present analysis,of course, e 50,000 5 I
shows lower enthalpy and larger enthalpy

gradients as a result of convective 0 é ; g g fo
transport in that half of the flow field ' Cyss ' '
near the body because neither a body nor

energy transport by conduction was Figure 1.- Comparison of enthalpy profiles with

. . . . . those of reference T.
included in the one~dimensional analysis T

of reference 7.



Before mass addition effects are discussed, a brief comment should be
made regarding terminology. Throughout the rest of the paper, comments relat-
ing to mass addition and injected gases, in general, apply to both forced
mass addition (transpiration) and natural mass addition (thermal erosion or
ablation). When our comments are specialized to thermal erosion only, the
word ablation will be used.

EFFECTS COF MASS ADDITION ON HEATING RATES

Radiative Heating

Mass addition can affect radiative heating in two ways; by altering the
temperature and structure of the flow field and by adding species which
radiate differently from air. However, results of numerous flow-field solu-
tionst with mass addition show that (except for a combination of low Reynolds
number and strong injection of gases which radiate more strongly than air,
discussed subsequently) radiative heating is much less affected by mass
addition than is convective heating.

Mass addition of gases like air tends to thicken the shock layer thus
tending to enhance radiative heating, but it also tends to cool the flow
field - inhibiting radiative heating. In almost all of the solutions the net
effect of injection of a species which radiates like air was to increase radi-
ative heating modestly. For example, for a flight speed of 50,000 ft/sec, a
nose radius of 0.25 foot, a shock-layer pressure level of 1 atmosphere, and a
surface mass flux of 13 percent of the free-stream mass flux (fw = -1.5), the
radiative heating was enhanced about 24 percent.

Moreover, it was shown in figure 9 of reference 1 that for high Reynolds
number, the bulk of the injected species remains close to the vehicle surface
where the temperature is low compared with that behind the shock wave. Thus
the radiant flux at the surface is enhanced only 7 percent by a gas which
emits 50 times as strongly as air injected at the same rate (fw = -0.4, or
mass addition rate 2 percent of the free-stream mass flux; same flight condi-
tion as above with R= 1 ft).

On the other hand, it will be shown subsequently (in the discussion of
fig. 18) that if the Reynolds number is low, injected species will also be
present in the hot part of the flow field and need not radiate much more
strongly than air in order to have an appreciable effect on radiative heating.

LA11 of the results of inEISécfioh-ofAiheibépef cdrregbohdﬂEB wall tem-
peratures between 1500° and 3000° K.
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Convective Heating

Convective heating is, of course, very strongly influenced by mass addi-
tion. In the flight regime for which air is dissociated but not lonized, many
studies (see Adams, ref. 8) have employed a linear approximation relating
(the ratio of convective heating with mass addition to that without) to the
product of mass addition rate and driving enthalpy divided by the convective
heating without mass addition. The linear ¥ was based upon an empirical
correlation of experimental and theoretical transpiration resuits from refer-
ences 9, 10, and 11. Swann (ref. 12) and Swann and Pittman (ref. 13) obtained
a quadratic expression for ¥ in terms of the above variables by an empirical
fit of the results of ideal gas boundary-layer solutions of Beckwith (ref. 1k).

1.0

372
V=g /3 (Ch (AT 50,000f1/sec)
( /REF.(81 (50,000 ft/sec, TEFLON

N\ /REF. (8} {40,000 ft/sec, TEFLON)
i B2
Ve ST,

\

In the present analysis, the influ-
ence of mass addition on convective 8k
heating was obtained from results of the
ionized radiating flow-field solutions
(both gqc and gegy were obtained from
the solutions). The parameter ¥ for
speeds of 40,000 and 50,000 ft/sec is
shown in figure 2 as a function of Ty, 2F
the dimensionless stream function at the 5
wall. The quantity £y, 1is proportional }
to the mass addition rate by the relation “fy

Figure 2.- Separate correlations of results of
blowing on convection at U = 40,000 and
50,000 ft/sec.

. o U(k+1)
m = p,vy = -Ty _E_EET—___ (1)

For the moment, attention is directed to the solid curves of the figure. (The
dashed lines are an application of the linear V approximetion and will be
discussed in a subsequent section of the paper.) FEach solid line correlates
results for one flight speed, various nose radii, and various shock-layer
pressure levels as can be seen from a comparison with the plotted symbols.
Each of these curves is represented by the exponential

(AT 40,000 ft/sec)

AN Ps/R 0.1 02505 10 20 50

Gc/Ge,

*:
ES
T




¥ o= e'b('fw)n (2)%

where b 1s a function of flight veloc-
ity alone and n is 3/2. Similar
curves can be constructed for other
flight velocities. Note that a given
fy; is less effective in retarding con-
vective heating at higher speeds.

qC/qCO

We can correlate results over a
wide range of conditions by expressing
b as a function of U, That is,
results of 36 mass addition solutions

L4

for nose radii® ranging from 0.01 to 5
] [T } , feet, flight speeds from 30,000 to
0 ; > 3 4 5 & 950,000 ft/sec,and shock-layer pressure
(457031~ 300/0°)(-f,)3/2 levels from 0.1 to 10 atmospheres are
correlated in figure 3 by use of
Figure 3.- General correlation of result of equ_atj_on (2) with
blowing on convection. (The points are iden-
tified in table I.) L 300
b = :g <1 T =8 (3)
U U

28ome experiments by Vojvodich, Pope, and Dickey of Ames Research Center
at conditions corresponding to subsatellite speed indicate that | for strong
ablation of some materials may approach an asymptote different from zero;
possibly of the order of 10-1 (this effect was remarked upon in ref. 15). An

appropriate form of ¥ for that case would be VY =a + (1_—a)e‘b(‘fW)n where
a 1is the value of the asymptote. The asymptote does not appear to be caused
by wall temperature effects alone. TIn the examples of figures 2 and 3, no
asymptote other than zero could be distinguished even though wall temperature
was changed from 1500° to 3000° K. For example, at 40,000 ft/sec flight speed,
1 atmosphere shock-layer pressure level, 1-foot nose radius, and fy = -1.0,
both gqc and qe, changed as Ty was changed from 1500° to 3000° K, but their
ratio ¢ remained the same to four decimal places, 0.0626. It is conceivable
that molecular weight of surface vapors may have something to do with the
asymptote. For example, the vaporization temperature of Teflon is low enough
that surface vapors may have a molecular weight of 100 rather than that
between 16 and 30 for the air injection (or for that matter, 15 for vaporizing
phenolic nylon) under consideration. This large a disparity in molecular
welght may be significant and would tend to raise  Tor the higher molecular
weight gas. The presence of an asymptote different from zero would have
important consequences from the practical point of view. Ablation materials
should be sought which do not have a finite asymptote.

STwo points should be mentioned in connection with the small nose radii.
First, the correlation holds for examples for which there is strong vorticity
in the entire flow field as long as qcp also includes the external vorticity
effect. Secondly, the chemical equilibrium assumption is somewhat in doubt
for the small nose radii, a point which will be discussed subsequently.
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and n = 3/2. This formula is useful for extrapolation to flight speeds above
50,000 ft/sec, but cammot be used for speeds much below 30,000 ft/sec because
it changes sign at about 26,000 ft/sec. The same mass addition solution
results are correlated by letting:

— _2
b = 0.706 + 1.6U - 0.28U (4)
10
and n = 3/2. The result is shown in
figure 4. This formula can be used to :
extrapolate to speeds below 30,000 .8
ft/sec, but cannot be used for speeds
mich above 50,000 ft/sec, because it
changes sign at about 61,000 ft/sec. S 8 s ,
Z v e—(.706+|.6U—.28U W-fw)3/2
The flight condition, nose radius, &
and value of f; for each point shown wo Ar
in figures 3 and 4 are listed in table I.™
Groups of points are numbered consecu- >L
tively from left to right on the figure. :
Points within a group are numbered con-
secutively from top to bottom. 1
o | 2 3 4 5
These same results are also compared (.706 + 1.6 U —.28 Uz)(—fw):"/2
in figure 5 with the linear  approxi- Figure 4.- General correlation of result of
mation of reference 8 and quadratic v blowing on convection. (The points are iden-
approximation of reference 13. The tified in table I.)

points on the figure correspond to our
solutions listed in table 1I, where now

the points are simply numbered from left 1.0
to right in figure 5. In the figure, if

y¥=1-.6 (jsrh/—qco)(REF.B FROM REFS. 9,10,11)

the constant 0.49 in the linear approxi- 8 /// o
. . - ¥ =1-.49 (jgM/-qc ) (REF. 8)
mation corresponding to Teflon (whlch A °
would be 0.5 for phenolic nylon (ref. ger e ¥=1-.72 s/-Ge, ) +.13 (js/-qeg®
8)) is changed to 0.6 (mentioned by 2 /(/ (REF.13)
J <

ref. 8 as obtained from refs. 9, 10, 11),
the fit is improved for the initial part 2t
of the data out to about jsm/(-qco)

equal to unity. Clearly, however, it o e Ry v 8

cannot be made to fit the results beyond js M7-Qc, = (s /~Gcy) (~fy vPamgD (KF 1T/ R)

unity.
Y Figure 5.- Present results compared with other
. A correlation formulas. (The points are iden-
The quadratic expression of refer- tified in table II.)

ence 13 fits the present result well for

Jsi/(-geo) equal to unity also, but not beyond. That approximation is set to
Zero when jsﬁ/(—ch) is 2.5. However, three points are shown to the right of
2.5 for which V¥ # O. Subsequently, during the examination of special condi-
tions which minimize total heating rate, it will be important to have a simple
correlation which must differ from zero at the high mass addition rates, for
if ¢ were zero, the radius which minimizes total heating would be that which
minimizes radiative heating, namely, zero. The expcnential correlation

(eq. (2)) will be especially useful in that regard.
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The two approximations were obtained from relatively low speed results
for which the air was elther dissociated or inert, and it is not surprising
to see that they do not fit the present results which include (among other
differences) thermodynamic and transport properties of partially ionized air
and are extended to higher values of Jjgm/(-dcq) -

The simple expression (2) describing the effects of mass addition on
convective heating at high speeds can now be applied with other information
to the special case of mass addition by ablation.

ABIATTION

General Relations for Ablation Quantities

Subliming ablators are attractive for heat protection because of heat
absorption due to vaporization and the heat blockage effect in the boundary
layer. Moreover, high-temperature subliming ablators have still another
asset - the rejection of heat by reradiation.

On the other hand, at conditions corresponding to subsatellite speeds,
subliming ablators have at least one liability from the heat rejection point
of view. A theoretical study of Scala (ref. 16) shows that reactions between
alr and a graphite surface impose a significant heat load on the vehicle.,
Theoretical studies by Hartnett and Eckert (ref. 17) and Cohen, Bromberg, and
Lipkis (ref. 18) show enhanced convective heating caused by gas phase reac-
tions between air and ablated vapors. Experimental results of Vojvodich and
Pope (ref. 19) confirm that both heterogeneous and homogeneous combustion
between air and charring ablators impose a heat load comparable to the net
convective heating (chw) at low levels of shock-layer pressure (103 to
1072 atm) and driving enthalpies up to about 8000 Btu/lbm. However, they show
that the relative importance of combustion diminishes with increasing driving
enthalpy and increasing pressure level. Very likely, the reason for diminished
importance of surface reactions between alr and ablation material is that
higher injection rates prevent air from reaching the surface at the more
extreme conditions. An analogous phenomenon was studied theoretically by
Chung (ref. 20) in which he showed that heterogeneous recombination reactions
are inhibited by alr transpiration at a cold wall, preventing dissocilated
shock-layer air from reaching the surface. Further, the relative importance
of energy release by gas phase reactions between alr and injected species is
diminished probably because of the increased energy release by recombination
reactions of alr components themselves at the more severe conditions.

Thus we assume that at the higher levels of shock-layer pressure (1071
to 10 atm) and higher enthalpies (20,000 to 50,000 Btu/lby) with which the
present study 1s concerned, one need not sort out gas phase combustion reac-
ticns from other recombination reactions. 8o, we appropriate Lees argument
mentioned previously and neglect the detalls of the combustion reactions but
consider for practical purposes that their effects are included implicitly in
gec, the convective heating results.

12



At high flight speeds, radiative heating must be included with convective
heating as causing ablation. The ablation rate for a given vaporizing mate-
rial is related to the actual total heating flux, qp, by

> T
Z(pivi)w<f chidT + hiv = -gp = -Qc¢ - dr _ (5)
T

where the minus sign arises from the convention that positive flux is outward
from the surface (that is, q means flux; it will be represented by a negative
number if the wall is receiving heat), and the summation is over the ablation
products appearing at the surface. The lower limit on the integral is Ty,
the material temperature before heating began. Now we define the intrinsic

heat of ablation as
- Ty
Vs T + h;
z<plvl> f cpi d i,
W\ T
h, = — o
W

The definition of the mass averaged velocity applied at the wall is

PyVy = <pairvair>w * <Z pivi>w (7)

In order for air not to penetrate the surface, <pairvair> = 0. Then combin-
ing equations (5), (6), (7), and (1) yields: W

~qp = Ty (8)

In equation (5), q,. 1s the net radiative heat flux accepted by the wall.
It is a combination of the accepted incident radiative flux from the gas and
the reradiated flux from the wall; thus

dr = drg + ewUTw4 (9)

To express A in a simple way, assume that (a) there is no coupling
between radiative and convective heating rates (a very reasonable assumption
for the application to moderate sized bodies made subsequently) and (v) dr
is not a strong function of -fy; or mass addition rate (which will be ver-
ified for conditions of special interest in the next section) and that (c)

dr, = -oBR (10)
where B 1is a constant for a given flight condition. Numerical solutilons
indicate that, for purposes of the estimates in this section, equation (10) is
a good approximation even though the flow field is nonisoenergetic, as long
as B 1is obtained from the nonisoenergetic solutions at a given flight

13
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condition. Because no coupling is assumed (a) we can use the simple no blow-
ing convective heating correlation (which, by the way, excludes external
vorticity effects) of Hoshizaki (ref. 5) which can be put in the form

e

=g, = -h03a07(2e) W00y 05, [ (12)

Jg7dw/ /R

where the units on 4.03X1075 are lbfl/2 sec/fts/2 and the units om ggp &are
1bfr/ft2 sec. Combining equations (2), (5), (9), (10), and (11) leads to an
expression for total heating rate

-5 1/4=0-19,, b -b(- o
~qp = @, BR - € T.* + 4.03x1077(2¢) "0 T (4,-4,,) /35 o-b(-fy) (12)

It is convenient to define

A= i W
ha JosksU(k + 1)
- /4=0.19, . .
oo 1.03x107%(2€) Y *T7 " (35 ~ Jy)  Ta (13)
haJpsUSU(k + 1)
D = GGW
hg, JDSHSU(k + 1) J

In terms of these quantities, equation (12) becomes

~qp = ha‘/pspsU<k + 1){%R + 3§= e b(-£)" DTW4J (14)
R

Now if equations (1), (5), (8), (9), (10), and (11) are combined, a
transcendental expression is obtained for the natural blowing rate parameter
Ty 1in terms of R, the flight conditions, and material properties:

n
-f, = AR 2 4 o P(~fw) DR/ 2T, % (15)

Another quantity of interest i1s the effective heat of ablation:

+
o (qco qro)
eff ~ 0 m

If we assume
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which is approximately true for the moderate ablation rates which will concern
us in this and the next section (and will be demonstrated at the end of the
next section), it is simple to show that

P [1 - e'b('fw)n] %%9 (18)

ar, ~ S

Combining equations (8), (13), (16), and (18) leads to

hoee = by {? + g ) [1 - e-b(-fw)n] }- - (19)

(' W

where -fi; is obtained from equation (15).

Now it is instructive to specialize some of these ablation relationships
still further - to the case of convection only.

Ablation Due to Convection Only

For flight speeds greater than satellite entry speed, both radiative
and convective heating are important in determining ablation rates, even for
small nose radii (which will be shown subsequently). However, if for the
moment, convection is assumed to be the only heating mode, and both radiation
and reradiation are excluded, we are led to some interesting comparisons. For
these conditions, both equations (15) and (19) reduce to simpler forms, thus

b(=fy)

-fye = C (20)

and

hepe = eb(-fw)n -1 . (21)

hy
respectively. So we see that for the convective case, both the ablation rate
in terms of fw (eq. (20)) and effective heat of ablation (eq. (21)) for a
given material are independent of nose radius and ambient density (or pres-
sure level), but depend only on flight speed (because b is a function of U

alone (eq. (4)) and C is essentially a function of U because in equa-
tion (13)

<=

(Jg = dx)d pe/pghs = (U3/2) [ p/pghis

and the last square root is a very weak function of ambient density). Lees
(ref. 21) and Bethe and Adams (ref. 22) reached a similar conclusion for
melting and glassy ablators at subsatellite speeds; that is, velocity is the
important parameter.
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It is interesting to compare this £y and herg result obtained from
that is exponential with respect to (-fy)® (eq. (2)) with those obtained from
¥ that is linear with respect to (-fy) of reference 8, The  of that paper
written in terms of £y, by use of equation (1) is

Jg - 3y) /psuSU(k + 1) (22)
Co R

(-£.)¢(
y=1-8 5

The corresponding f for convection only (for that paper) obtained from
equation (11):

- 70,19/ . . -
. 4.03x1075(2¢) 1/ 47 (Jg - JW)V/ Do (23)
w = . .
(ha + B(Js - Jw)] pshsU(k + 1)
or
_fy = 5 C (2h)
1+ (Js - dw)
hy
while hepe Tfor the linear ¥ would be
h
eff B . .
= + —— -
b, = Lt (s - v (25)
or LINEAR EXPONENTIAL / The comparison of the natural £y
Ps (REF8) (PRESENT RESULTS) / for Teflon as predicted by the two
2.5F0.1 - / N ;
10 A results (egs. (20) and (24)) is shown
poll00 o - / DEQ(24) in figure 6% (using g = 0.49 and
4 hs = 2.38X107 £t2/sec® from ref. 8 for
sk / Teflon). It is seen that the two
v ’ results are in close agreement and that
1oL both depend strongly on velocity, but
= O™ not on pressure. Similarly, the
5 JFEq(20) results of heff/ha as a function of
velocity are in close agreement for
! L L ' L ! ! convection only (using egs. (21) and
o} [ 2 3 4 5 6 7 (25)) h ‘0 i
W 5 as shown in figure 7.
Figure 6.- Wall blowing parameter for natural The agreement between I‘tlhe two
ablation of Teflon at stagnation region - methods means that eb('fw) of

convection only.

equations (20) and (21) equals

4In this application and throughout the rest dfmfhe”paper, the values of
b and n for a given flight condition were obtained by passing equation (2)
through results from the two flow-field solutions having the highest values of
-f;. Numerically, b and n are slightly different from expressions (3) ana
(hy for b and 3/2 for n obtained for the general correlation.
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1 + (B/hg)(Js - Juw). At first glance 25 LINEAR ¥/
one might suspect that these natural (REF 8)

blowing rates are small enough to be on 20 | Eq@5k»/
the initial part of the V¥ curve where /
the exponential can be replaced by the
first two terms of its series. It turns
out that this is not the case as can be
seen in figure 2. The solid curves and
dashed lines correspond to the exponen-
tial and linear V¥ (to egs. (2) and
(22)), respectively, for the flight
speeds shown. Although agreement between
the solid curve and dashed line is better o i 2 3 4 5
at the lower speeds, in neither case is u
the solid curve well represented by the  Figure 7.- Effective heat of ablation of Teflon
dashed line except at the one point (convection only).

where they intersect. That intersection

Just happens to occur very near the natural value of fy 1in each case. Thus
the apparent agreement in the results does not imply any general agreement in
the function V¥ but, rather, is considered to be fortuitous.

EXPONENTIAL ¢
(PRESENT RESULT)
Eq(21)

Now we turn again to the case of ablation caused by both radiative and
convective heating to examine some special conditions.

Conditions at Minimum Heating Rate With Ablation

Because of the many combinations of variables, parameters, and phenomena
assoclated with the ablation problem, it is convenient to seek an optimum con-
dition, in terms of minimizing total heating rate or total mass loss rate of
a given material at each flight condition, and then present some of the other
quantities of interest correspondingly.

Nose radius and ablation rate for minimum heating rate.- Eguation (14)
shows that at a given flight condition, convective heating rate becomes large
with small R whereas radiative heating rate becomes large at large R. Thus
there is an intermediate value of R <for which total heating rate is a mini-

mum. This i1s illustrated graphically for 8x105 - 2 104

one flight condition in figure 8. The ni ) 3.0
family of solid light curves is calcu- Z——FLOW FIELD
lated by use of equation (12) for g °IY L eSALTS, BQ(2)
specified values of fy, and represents &  °[\\\ BEHAVIOR, Eq (8)
approximately the flow-field solution 2 4-\Q LOCUS OF COMPATIBLE
results. The family of dashed curves is ﬁ_ \~TTTT?“
calculated for Teflon by use of equa- v, ; \\~;;::*~7£;:f%g
tions (8) and (1), also for specified | ! TUTTTeSg %S
values of fy (the physical properties . .5144 L
used for Teflon and phenolic nylon are 0 .08 .16 .24 .32 .40
listed in table III). The intersection R #

of a line of each family corresponding Figure 8.- Optimum nose radius for Teflon at
to one value of fy denotes a combina- U = 50,000 ft/sec, ps = 1 atm (ay = &, = 1).

tion of qp, R, and fy that satisfies
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both the flow-field results and the material behavior. The heavy solid curve
is the locus of such intersections. Its minimum gives the optimum nose radius
R¥ which minimizes total heating rate (and total ablation rate) for Teflon
for this flight condition. Thus R¥ is 0.109 foot and the ablation rate is
given by -fy; = 1.94 in this example. The right branch of the heavy curve
shows an interesting result. That is, for a nose radius half again as large
as R¥, convective heating has been essentially eliminated by strong ablation,
and thus qp increases linearly with R and is independent of ablation rate
(-f; = 3 line coincides with -fy = o), as it should be for radiative heating
only, according to the approximation of equation (10). Correspondingly, abla-
tion is caused by radiative heating alone and its rate must be increasing in
proportion to gqm, and thus R, in accord with equation (8). This points out
the potential importance of reflecting ablative surfaces for heat protection
for radii greater than R¥.

Analytically, R* and fy for a specific material and flight condition are
obtained as follows. The partial derivative of gqp with respect to R
(obtained by differentiation of eq. (14) noting that £, is a function of R
by eq. (15)) is set to zero. After some algebra, the expression

[5n(-fw)n + 3J -, *RM2 = 0 (26)

is obtained. The simultaneous solution of equations (15) and (26) yields the
optimum nose radius and natural ablation rate (fw) for a given material and
flight condition.

It can be noted that for no reradiation (DT,*R/2 negligible), equa-
tion (26) is uncoupled from equation (15) and the former can be solved
directly for I, after which the latter can be used to obtain the optimum R.
Thus we obtain the result that f; 1is independent of the radiative properties
of the gas expressed by A 1in equation (13). Although T, depends only on
the convective heating properties of the gas (expressed by C in eq. (13)
which appears in eq. (26)), it differs from the f, for convection only
(eq. (20)) for the following reasons. If equation (15) is satisfied by
AR®/2 4 0 by use of the f,, obtained from equation (26), it cannot be satis-
fied for AR>Z =0 by the same fy. Moreover, if radiation is zero, we can-
not use equation (26) to calculate £, but must revert to equation (20).

For radiation different from zero but negligible reradiation, heff 1is
independent of the radiative flux because Ty used in equation (19) is
independent of radiative properties. The same is true for ¢ because of
equation (2). On the other hand the optimum R obtained from equation (15)
depends on the radiative properties. Of course, m depends on the radiative
properties because it depends on R (eq. (1)), and the same is true for both

g (eq. (11)) and qr (egs. (9) and (10)).

The optimum nose radius with convection, radiation, and reradiation
obtained from equations (15) and (26) is shown as a function of flight speed

18



in figure 9 for Teflon and phenolic 30 -

nylon. It can be seen that the optimum o(l0, .5)

nose radius diminishes with increasing 25 -

shock-layer pressure at a given flight 20 - et 10l

speed. On the other hand, the optimum

: . . . E L 00,10 9, 0,0
nose radius increases as flight speed is « 5- 202 Fhrerion

e o ® LS — — — PHENOLIC NYLON
diminished, shock-layer pressure level o
being constant. These trends can be ) 0.0, 61 N {ps (atm), ayy = €y )
related to actual entry trajectories, -51mbtm::\\ S~ 10, 6)
by noting (ref. 1, fig. 1) that typical (100, ._o,)g -
trajectories consist of essentially a o; 3 4 s
path of increasing shock-layer pressure U

at constant velocity followed by a path
of diminishing velocity at constant
pressure. Now if the major heating
occurs at constant velocity (the case of plunging probes), total heating rates
could be minimized only by artificially tailoring the nose shape (for example,
by pushing concentric rods of progressively smaller radii out the front of the
vehicle in a programmed sequence - a refinement of a suggestion by H. J. Allen
(ref. 23)). On the other hand, if the major heating occurs at constant shock-
layer pressure (typical of g 1limited entry), the problem of minimizing total
heating rates is simplified because R grows naturally in the direction of
the growing optimum.

Figure 9.,- Optimum nose radius for ablation.

The wall absorptivity, oy, is important to both charring and noncharring
ablators because it influences the amount of radiant heat accepted from the
gas cap and thus R*, In figure 9, if «, is diminished by 50 percent for
Teflon (noncharring), R*¥ is increased by about 50 percent.

The wall emissivity is important to high-temperature charring ablators
for which reradiation is an important heat rejection mechanism. For phenclic
nylon, reradiation is partly responsible for a larger optimum nose radius than
that of Teflon (for which reradiation is negligible because of its low vapori-
zation temperature) - by about a factor

of 3 in the speed range L0O,000 - 50,000 2.5 O, 0 repion
ft/sec as can be seen in the figure. — _PHENOLIC NYLON (1.1.0)
The phenolic nylon calculation for 20 S
pg = 1 atm was not extended to lower (ps (Otm), @y = €4 ) (1.0,1.0)
speed because of the uncertain wall 1.5 (10.0, 1.0}
temperature; that is, the wall tempera- ~fu (10.0,.5~_
ture becomes a function of the heating .ok (.0,.5) o Z ‘QIO 6)
rate at less severe heating conditiomns. G

The ablation rate, in terms of £y, ° - CONVECTION ONLY (Eq{20))
corresponding to optimum heating rate ! [ | L
conditions is shown as a function of 0 ] 2 3 4 5

cl

flight speed for various pressure levels

and absorptivities for Teflon and pheno-

lic nylon in figure 10. The heavy lineg Figure lO.-: Blasius wa:!_l blc?w1ng pa.trameter cor-

and bol t P d total responding to ablation with optimum nose
symbols represent minimize ota radius.

heating rate conditions, while the light
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lines represent the result for convectionh only (shown previously in fig. 6 for
Teflon). It is important to point out that the difference between the total
heating heavy lines and convective heating light lines does not represent

the contribution of radiative heating. When minimum total heating rate is
considered, there is a complete rearrangement of convective and radiative
contributions. The result is that the radiative contribution is usually
larger (sometimes much larger) than the convective contribution (which will

be demonstrated subsequently in fig. 15). The result of the sum of the two
readjusted heating components on fy; 1is shown by the heavy lines in figure 10,

It is especially interesting to note that for Teflon, optimum £ is a
very weak function of both absorptivity and pressure level. This will have
consequences in figure 12 where it will be remarked upon.

The ratio of the surface mass flux to free-stream mass flux is related
te f, by the Reynolds number. Thus

= opy (e +1) (27)
P €Re
It should be mentioned that ¢%/2 is almost invariant with flight speed

(between 30,000 and 50,000 ft/sec) at a given level of shock-layer pressure.
It only varies at the worst from 0.233 to 0.278 as pressure level changes from
0.1 atm to 10.0 atm.

5 - , The mass flux ratio of Teflon is
/. presented in figure 11 for optimum con-
’ ditions. The location of the point
4 - e corresponding to 0.1 atm indicates that
. relationships at optimum conditions are
’ not systematic in a simple way. The
:%.3- e surface mass flux varies from 2-1/2 to
Q 25 percent of the free-stream mass flux
;E between 30,000 and 50,000 ft/sec. Some
@ . atm approximate calculations show that it
is reasonable to extrapolate this
result to 70,000 ft/sec. The result is
A= that the mass flux ratio is still less
than 0.5 for optimum conditions. This
is in sharp contrast to the values in
0! 1 L 1 1 X
7 excess of unity for entry of some
meteors for which the nose radius is
very different from R¥ (Pr{bram meteor
Figure 11.- Mass addition ratio for optimum for example which likely has a radius
conditions (Teflon, ay = 1). of the order of a meter, ref. 2k).

cl

In fact, it 1s apparent from the
present optimum results for U = 50,000 ft/sec and ps = 1 atm that if nose
radius 1s increased from the optimum of 0.109 to only 0.5 foot, the mass loss
ratio will exceed unity as a result of radiative heating alone.
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Now that we have the nose radius which minimizes total heating rate, and
the corresponding ablation rate, we can examine several other interesting
gquantities corresponding to these conditions.

Effective heat of ablation.- The 20 0. 0. o
ratic of the effective heat of ablation 2. O OJreFLon
to the intrinsic heat of ablation is - — — PHENOLIC NYLON
calculated by use of equation (19) and 5
1s presented in figure 12. The ratio
depends strongly on velocity, but is
relatively insensitive to pressure level
(altitude) and, for the case of Teflon,
surface absorptivity. The last is a
consequence of the insensitivity of £,
to ay shown in figure 10, and the fact
that hefr 1s very strongly dependent
on T, 1in equation (19). The ratio | 1 ; . B
heff/ha subJect to combined radiative o) i 2 3 4 5
and convective heating is less than that
obtained from convection alone, which

can be seen by comparj_ng fj_gu_re 12 with Figure 12.- Effective heat of ablation corre-
figure 7 sponding to natural ablation for optimum
.

conditions.

(.1,10)

(ps (atm), ey = €y)

o
=
~
L0k
-\
=

cl

In spite of the fact that hgpe/hy
in figure 12 is smaller for phenolic nylon than for Teflon, the actual h.rr
for phenolic nylon is larger. At 50,000 ft/sec, the ratio of effective heat
of ablation of phenolic nylon to that of Teflon is 1.13 which includes the
reradiation effects. (It should also be remembered that the phenolic nylon
is not ablating as rapidly as Teflon for these optimum conditions.)

Effect of mass addition on standoff 15 -
distance.- The ratio of standoff distance
with optimum mass addition (and nose
radius) to that without mass addition
was obtained by solving the flow-field
equations using values of R¥ and I Ps=1.0 atm
obtained from figures 9 and 10. The
result is shown in figure 13 for Teflon.
For speeds below 30,000 ft/sec, where
mass addition rates are low (3 percent ) 10.0 atm
of free-stream mass flux - fig. 11), the

0.l atm

standoff distance with blowing is 1.0 -

actually less than that without blowing

(ratio is about 0.94). This interest- 9 3 a 5
ing effect occurs at very low mass addi- 1]

tion rates over a broad flight range and

3 : Figure 13.- Ratio of standoff distance with
may b? at.t:rlbutable to a (.:OOllng e]?fec-t blowing to that without blowing for optimum
that increases the flow-field density conditions (Teflon, oy = 1).
(and diminishes standoff distance) more
than enough to overcome the space required for the increase in mass flow in
the flow field. At higher speeds,and thus higher ablation rates, the standoff

1Y ¢
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distance is enhanced by ablation. It is seen that for optimum conditions, the
shock layer is thickened by about 50 percent at a speed of 50,000 ft/sec.

Effect of mass addition on radiative heating.- Mass addition can influ-
ence gaseous radiative heating flux in two ways; first, by altering the stand-
off distance and temperature distribution in the flow field (it should be
mentioned that gaseous radiation reabsorption is negligible in the regime
being considered), and, second, by adding chemical species to the flow field
which radiate differently from air. To examine the first effect, due to
alteration of flow-field structure, the foreign species was assumed to radiate
like air. The resulting incident gase-
ous radiant flux at the wall as
obtained from flow-field solutions cor-
responding to the optimum R¥* and fy
of Teflon is compared with the no abla-
ps= 1.0 atm tion value in figure 14. In the flight
regime studied the maximum effect of
the ablation on radiant flux is an
increase of about 17 percent for these
optimum conditions. This is in sharp
10.0 atm contrast with the very large effects on
I convective heating presented earlier
5 and supports the approximations of

equations (10) and (17). For example,
) o for flight condition in which radiative
Flegme M Rarlo of Iieiient eneout Ity £lwx was changed 17 percent, ablation
at optimum conditions (Teflon, aw = 1). diminished the convective flux by two
orders of magnitude (to 0.8 percent of
its nonablation value).

.l atm

.ol
3

cld -

To examine the second effect, that of introducing species which radiate
differently from air, a in equation (Al6) was specified to be different from
unity. Briefly the result is that i1f a foreign gas that radiates twice as
strongly as air (o = 2) is introduced at the same rate, the radiative flux
is enhanced at the most by only 5 percent over the air value. If the foreign
gas radiates 10 times as strongly as air (a = lO), the radiative flux is
enhanced by about 50 percent over its airlike value at the most. Finally,
the influence of these radiative properties that differ from those used in
estimating optimum conditions on the optimum conditions themselves is as
discussed previously. That is, to the extent that reradiation is negligible,
there is no effect on Ty and herr. However, the effect on R¥ is to reduce
it by a factor of 1.572/3 (or 0.76) and the effect on m is to increase it
by a factor of 1.5%3 (or 1.14) at the worst by virtue of equations (15) and

(l), respectively.

Comparison of radiative and convective heating.- The ratio of the radia-
tive to convective heating rate was obtained from solutions of the flow-field
equations in which R¥ and the fy corresponded to minimum heating condi-
tions for Teflon., The result 1s that radiation exceeds convection by a factor
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from 2 to 9 as shown in figure 15. The 1o~
importance of convection increases as -
the level of shock-layer pressure is 8-
increased. For phenolic nylon, the

results are almost the same without

reradiation. That is qrg/qc is "
greater than unity. HoweVer, because of.g - ! otm

reradiation, the ratio ar/dc is less & a-
than unity except at high pressures ::::::::::jf——““~\\w

ps=.l aimB

6.—

(ps = 10 atm). In any event, the gase- h
ous radiant flux incident on the wall
is considerably larger than the convec- -
tive flux for either Teflon or phenolic oL— | ) ]
nylon at optimum conditions. 2 3 _ 4 5

]

Effect of mass addition on surface Fisgure 15.- Comparison of radiative and convec-
shear stress.- In figure 16, the surface (2fz?§éungat(mtmmmcomhtums(Teﬁpm
shear stress divided by distance from
the stagnation point is shown as a function of flight speed for various pres-
sure levels for Teflon at optimum conditions. It was obtained from the flow-
field solutions by use of the relationship

2- 10 atm

TW U 3/2 "
T - g (O VR T D 2 (28)

which can be derived by use of the 04 -
transforms in appendix A. Generally,
wall shear stress increases with veloc-
ity and shock-layer pressure level.

FTor reasonable values of x, the shear
stress is not excessive (even at

pg = 10 atm, the surface shear stress
per foot is of the order of standard
atmospheric pressure per foot for
optimum conditions, and the optimum
size is considerably less than a foot).
The shear stress for phenolic nylon
would be slightly larger than that for
Teflon because the mass addition rate
for the former is lower at a given
flight condition.

103 - 10 atm

Of course, without mass addition,
the shear stress would be considerably
higher. The ratio of wall shear stress W]
with mass addition to that without mass

Figure 16.- Stagnation region shear stress at
optimum conditions (Teflon, oy = 1.0).
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addition is shown in figure 17 for
Teflon under optimum conditions. It is

2 - noted that the ratio is only 0.035 at
U = 50,000 ft/sec and pg = 1 atm.

10 atm

Comments on validity.~ Our optimum
condition considerations have led to
results of small nose radli for which
the assumption of a flow field in chem-
ical equilibrium may be doubtful. In
spite of the fact that the chemistry
and some of the thermodynamic and trans-
port properties may be grossly in error

ol L L for nonequilibrium flow fields, the
3 4 5 basic structure of the flow field
v} (velocity and enthalpy profiles) is not
Figure 17.- Ratio of stagnation region shear expected to be seriously in error. The

stress with ablation to that without ablation reggon is twofold: First, the analysis

at optimum conditions (Teflon, ay = 1). in the appendix of reference 25 shows
that in the absence of transport phenomena, the enthalpy profile is almost
unaffected by large departures from chemical equilibrium. Second, the veloc-
ity and enthalpy profile results of reference 26, which include both chemical
nonequilibrium and transport phenomena, do not differ in a significant way
from those of reference 1 or the present paper for chemical equilibrium
(excluding low Reynolds number results).

Moreover, the convective heating is not likely to be very much in error
because the wall is expected to be catalytic and thus nonequilibrium convec-
tive heating would be essentially the same as that for equilibrium since
recombination would occur at or near the wall in either case.

We have noted that at the minimum heating condition, radiative heating
dominates. Our radiative heating estimates could be in error for several
reasons. Although the neglect of nonequilibrium radiation is a potential
source of error for the small optimum nose radii, the present estimate is that
it is not an important effect as gaged by the results of reference 27. We
have already noted that there is some change in radiative heating caused by
flow-field distortion and the presence of foreign species which radiate dif-
ferently from air. Moreover, there is still considerable uncertainty in the
radistive properties of air itself (the radiative properties of air given by
ref. 28 may be high by a factor of 2 according to ref. 29) and in the absorp-
tivities and emissivities of the surface material.

The effect of underestimating the radiative properties on optimum condi-
tions has been noted in the section on effect of mass addition on radiative
heating. Briefly, we now examine the effect of overestimating radiative
properties by a factor of 2. As before, fy, hefr, and ¥ are unchanged (for
a material which does not reradiate importantly). But R* is enhanced by
about 60 percent, so 1 and q. are diminished by a factor 1.67*2 (or 0.79)
by virtue of equations (1) and (11). So both g, and q. change, but in such
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a way that f,; i1s constant. The error in radiative properties by a factor
of 2 has a large effect on R¥ (60 percent), only a 20-percent effect on q,
‘and 1, and no effect on fy, hefr, and V.

Thus, in spite of the many uncertainties in the flow-field chemistry and
in our knowledge of gas properties, the resilts of the minimized heating-rate
study remain considerably meaningful.

MASS ADDITION AND SCALING

To a large extent, experimental studies of high-speed planetary entry
problems consists in exposing models to a simulated entry environment in a
test facility, such as an arc-heated wind tunnel , a shock tube, or a ballis-
tic range. Experimental results are then scaled to the actual flight condi-
tions by one means or another.

Strictly speaking, we cannot expect to scale flow-field profiles at all
because thermodynamic and transport properties used in the flow equations 4o
not scale. However, in this portion of the paper, we will examine briefly
how to scale dimensionless foreign species profiles approximately for forced
mass addition (transpiration) and then specialize the result to natural mass
addition (ablation).

Scaling With Arbitrary Mass Addition

It is well known that in order to scale stagnation region flow filelds in
general, Reynolds number should be fixed. In order to scale foreign species
concentration profiles, the mass addition rate must also be fixed. Or because
of the Reynolds number factor in the expression relating Iy and ﬁ/gmU (and
in view of the small variation in €%/ 2 noted earlier), we may simply say that
in order to scale mass addition effects, both fy and ﬁ/ng must be fixed.

We will illustrate this by use of flow-field solutions.

The mein points of the demonstration are briefly as follows. In fig-
ures 18 through 21, solutions corresponding to the conditions shown in
table IV are presented in which either but not both £y or m/QmU is the same
between pairs of examples (assuming that these guantities can be varied at
will). These results can be compared with those for which both fy and m/QmU
(or Re) are constant, shown in figures 22 through 25.
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Figure 18.- Flow-field profiles;
U = 41,000 ft/sec, ps = 1 atm, R = 0.01 ft,
£y = -1.

(¢/Pr)/(b/Pr),

Figure 20.- Flow-field profiles;
U = 41,000 ft/sec, pg = 1 atm, R = 1 ft,
fw = -1.
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($/PNAP/PY),,

Figure 19.- Flow-field profiles;
U = 41,000 ft/sec, pg = 1 atm, R = 0.01 ft,
fy = -0.1.

($/P0/($/Pr),,

Figure 21.- Flow-field profiles;
U = 41,000 ft/sec, R =1 ft, pg = 1 atm,
£y = -0.1.
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Figure 22.- Flow-field profiles;
U = 30,000 ft/sec, pg = 1 atm, R = 0,063 ft,
£y = -0.3.

1.0
.8
.6
4 (¢/Pr)/(¢/Pr)w
.2
P/Pw
T 1 ]
0 2 4q .6 8 1.0
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Figure 24.- Flow-field profiles;
U = 41,000 ft/sec, ps = 1 atm,
fy = -0.3.

= 0.1 ft,

($/Pr)/($/Pr),,

y/8

Figure 23.- Flow-field profiles;

U = 41,000 ft/sec, pg = 10 atm, R = 0.011 ft,

fy = -0.3.

($/Pr)/($/Pr),

y/8

Figure 25.- Flow-field profiles;

U = 50,000 ft/sec, pg = 1 atm, R = 0.074 ft,

fw = -0-3-

27



The foreign species profiles corresponding to these two groups of figures
are summarized in figure 26(a) and 26(b), respectively. Obviously the con-
centration profiles resulting from fixing only one of the parameters do not
scale as can be seen in figure 26(a). The figure shows that £ essentially
controls the foreign specles concentration at the wall, while Reynolds number
determines its penetration into the flow field. Thus, if both fy; and Re (or
ﬁ/p U) are fixed, scaling should be much improved, as is evidenced by the cf
pro%iles summarized in figure 26(b). Moreover, since fixing fy and ﬁ/me
essentially preserves Reynolds number (the slight variations in Re in table
IV are caused by variations in €2 in eq. (27)), the velocity profiles of
the second set (figs. 22 - 25) are scaled; where in the first set (figs. 18 -

21l) they are not. Finally, the

enthalpy profiles of the first set

exhibit less similarity than those of
— the second set. The latter are sum-

: Tgfm marized in figure 27.
S

1.0

NUMBERS REFER TO There are additional features of
FIGURE FROM WHICH - some of the solutions mentioned above
PROFILE WAS OBTAINED which, although secondary to the argu-
(SEE ALSO TABLEIV) ment, are worth comment. In figure 18,
for a flight condition of U = 41,000
Re~102 ft/sec and pg = 1 atm, a nose radius of
0.01 ft., and a blowing rate £, = -1.0,
both momentum (associated with u/ug
' I profile) and thermal (associated with
-8 1.0 j/3s profile) boundary layers are
y/d conspicuously absent. Indeed, the vor-
(a) Either fy or m/p U fixed. ticity (slope of u/us curve) is
approximately constant throughout the
flow field. Interestingly, the flow
5 field is far from isoenergetic every-
10 atm where; not because of enthalpy

1.0

NUMBERS REFER TO FIGURE
FROM WHICH PROFILE WAS
OBTAINED (SEE ALSO TABLE IW)

.8 1.O I 1 ] ] J
0 .2 4 .6 .8 1.0

y/3

(b) Both fy (= -0.3) and m/p U (= 0.05) fixed.
Figure 27.- Comparison of enthalpy profiles for

Figure 26.- Foreign species concentration both fy { = -0.3) and #/p, B ( = 0.05)
profiles. fixed.
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depletion by radiation but, rather, by convection. The mass addition rate at
the surface is half the free-stream mass flux (table IV), and standoff dis-
tance is 90 percent higher than the no-blowing value (this is the most extreme
result that we have in both regards). The foreign species completely perme-
ates the flow field, which is important from the point of view of the relative
importance of air and ablation species radiation. In this regard, results
show that the incident gaseous radiant heating flux at the wall is enhanced by
L9 percent over the no-blowing value if air is the injected gas (because of
the thickened shock layer), but is enhanced by 93 percent over the no-blowing
value if a species that is three times as strong an absorber and emitter as
air (o = 3 in eq. (Al6)) is injected at the same rate. If the mass addition
rate i1s diminished by a factor l/lO, the principal effect is to greatly dimin-
ish the foreign species concentration (fig. 19). However, the foreign species
still permeates the entire flow field because Re is moderately low (~10%).

Now if we increase body size (going from figs. 19 to 20), the result is
that we regain the structure of both a momentum and thermal boundary layer
(i.e., there are large changes in u/uS and j/js near the wall). The Toreign
species vanishes at only a third of the distance from the wall to the shock
in spite of the fact that its concentration at the well is an order of magni-
tude larger than that of figure 19 and the mass addition rate is the same.
These are all the effects of going to a larger Reynolds number (~104 in
table IV), and they underscore the importance of preserving (at least approx-
imately) the Reynolds number in scaling mass addition effects.

Now we specialize the scaling discussion to the ablation case.
Scaling With Ablation

Although it is generally not possible (and sometimes not desirable) to
simulate or scale all of the pertinent parameters in the laboratory, it is
nevertheless worth examining the extent to which mass addition can be scaled
in the presence of conduction, gas and surface radiation, and ablation.

Conduction, radiation, and reradiation.- The expression for the material
fw as obtained from equations (15) and (13) can be written

1 Re R
-fy = = [———— |oB(U, pg) —
Y nad e(x + 1)[ ’ S)pSU
nl-f. )P oe T %
+ 2.015X10-5(2e) /470292 & e b(-fw)” | TSww (29)
psR psU

We confine our attention to one material and assume that hy, oy, €y, and Ty
are constant and, moreover, that ¢ and U°+1® are almost constant. Then, in
order to scale the flow-field concentration, we require (from the preceding
section), that both fy and m/me be fixed; or, alternatively, we require
both f,;, and Re be fixed. From equation (29) these can be fixed if the

29



brackets in equation (29) are fixed. Conceivably, one could find a range of
flight conditions and nose radii for which the bracket and I, within the
bracket are fixed. The constancy of the bracket would then constitute a some-
what unappealing scaling law. It could be specialized to a set of simple
laws, namely that

RB(U,p,) 2 p(-f )"
2 Ps LS b(-fy) , ang L

J
psU JosR p U

are individually constant, where these pertain to radiative, convective, and
surface reradiative transport, respectively. If convective heating is neg-
ligible, we can scale by keeping pgU and RB fixed between model and proto-

type.

Note that, in general, we cannot have constant velocity scaling with
this set of simple laws; that is, pg and (because b = b(U)) R must be
individually constant so that there is no hope of scaling either flow field
or model to achieve foreign species scaling. Even if we neglect either
radiative or convective heating we cannot have constant velocity scaling
because of the surface reradiative term.

Radiation only.- If this is the only energy transfer mode, scaling can
be accomplished 1f fy and Re are constant which requires that BR/pSU be
constant. Or the last can be replaced by constant BRg/ps because Reynolds
number is fixed. For scaling at constant velocity, BR/pS must be constant.

Convection only.- This situation is especially applicable to ground-
based tests with noncharring ablation models in arc-heated wind tunnels and
ballistic ranges. If this heating mode is assumed to prevail also for the
prototype at actual flight conditions (as was the case for the mass addition
calculation of ref. 30), the scaling law requires that either

-b(-1y,)" ~b(-£y) "
(B /NpgR)e ki or (US/2/[is)e W be constant (as well as constant
Re and thus constant fy). For constant velocity scaling, the requirement
is simply that ,[pg be constant (along with Re). Since JHs 1s a weak
function of altitude for constant velocity, the conclusion is that m/me is
constant and the foreign species profiles are scaled simply if Re is
preserved. T. N. Canning and G. Chapman of Ames Research Center have
advanced the former conclusion (ﬁ/gnU constant for constant Re) based on
phenomenological arguments under the same constraints (simulated shape,
Reynolds number, velocity, and noncharring material (no reradiation)), and
for convection only.

In short, then, ablation scaling (by simple rules) in terms of ratio of
mass flux at the wall to that in the free-stream and foreign species concen-
tration profile can best be achieved for very special heating conditions.
Constant velocity scaling cannot be achieved for materials which reradiate
importantly.
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Low Reynolds Number Effects Without Mass Addition

It is common to study mass addition effects on convective heat transfer
by use of the effective heat of ablation and a heating rate corresponding to
no mass addition. For large Reynolds number (no shock-layer vorticity) and
high speeds (up to 50,000 ft/sec), the convective heating rate without mass
addition is quite well known both by experiment (refs. 31, 32, 5, 33, and 3k4)
and theory (refs. 5, 35, 1, and 36). Moreover, a number of investigators have
studied the regime of Mach numbers up to 8, where Reynolds numbers are low
enough that shock-layer vorticity affects the convective heating rate for no
mass addition (refs. 37-43). Van Dyke (refs. 44 and 45) has studied the vor-
ticity effect up to infinite Mach number without real gas effects. Hoshizaki
(ref. 46) has examined the vorticity effect for the incompressible shock
layer. Our intent is to examine briefly the external vorticity (or low
Reynolds number) effect on wall shear stress and convective heat transfer at
high speed using real gas properties.5

Surface shear stress.- The present flow-field analysis is a single layer
analysis in which the equations are solved from the body to the shock. A very
simple comparison of the single layer result with the no vorticity two layer
(boundary layer plus inviscid shock layer) result for surface shear stress can
be made as follows.

The single layer shear stress has been expressed by eqguation (28). It is
simple to show for the two layer no vorticity analysis for a cold wall (ref. 1,
for example) that

<E _ <E>3/2 (2e)3/4\/ pubulk + 1) Fy" (30)
*/no vort R 2J2
where TF," is the value at the wall corresponding to the solution of the
Blasius equation for no mass addition, and is given by reference 47. The
ratio of Tw/Twno vopt Obtained by combining equations (28) and (30) is
Tw EJE(CPW)ZL/Z fw"
o = 7E FT (31)
W/no vort (2€) W

S5Because of a conflict which arises in the outer boundary conditions for
very small Reynolds numbers, the results of this section and those of fig-
ures 18 and 19 are considered to be first approximations. The conflict is
discussed and evaluated in an approximate way in appendix B.
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shear stress with no mass addition.
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Figure 29.- Effect of Reynolds number on convec-
tive heat transfer with no mass addition.

ous studies, the ratio does not always

some disagreement as to the reason (discussed in refs. 37, 43, and 45).

The result is shown in figure 28 in
which the ratio is plotted as a func-
tion of Reynolds number of the form
used by reference 38. As would be
expected, shear stress increases over
its no vorticity value as Reynolds num-
ber decreases. At a given Reynolds
number, the effect is enhanced by
increasing speed and decreasing
pressure.

Convective heat-transfer rate.-
The convective heat-transfer results
for the same examples are shown in fig-
ure 29. For present purposes,
was obtained by use of equa-

deno vort
tion (11) which is the result of
Hoshizaki (ref. 5). It can be noted
that the convective heating result par-
allels the shear stress result as would
be expected.

The theoretical and experimental
results of others (as obtained from
refs. 38, 43, and L46) are shown for
comparison. In each separate study
the ratio of convective heating with
vorticity to that without is enhanced
by increase in speed or Mach number (M)
or (for the case of ref. 46) ¢ at a
given Reynolds number. Among the vari-
increase with Mach number and there is
The

present results lie considerably higher than those of references 38, LO, L2,
Ly, and 45 as would be expected because of our comparatively high speed (or

Mach number) and/or low €.

Our results are close to the viscous layer results of Probstein (ref. 39)

and Hoshizaki (ref. 46).

The results of these three studies are all derived

from flow field analyses which employed the Navier Stokes equations from the

body to the shock wave.
and Prandtl number.
and €

Both Probstein and Hoshizaki assumed constant density
Our results lie above theirs for a given Reynolds number
possibly because of our variable Prandtl number corresponding to

higher speeds for which ionization occurs, and possibly because of compressi-

bility effects near the cold wall.

much like those of Hoshizaki at lower Reynolds numbers.

The slopes of our lines are alike and are

The vorticity results

show that convective heating may be as much as 60 percent higher than the no
vorticity value and that the ratio of the two is enhanced by increased U or

diminished pg (or
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The ratio of convective heat~transfer rate to total free-stream energy
flux for these same examples is shown as a function of Reynolds number in fig-
ure 30. The results of references 37 and 38 at Mach numbers 5.7 and 8 are
also shown. In each case the slanted line corresponds to the no vorticity
result. At a given Reynolds number, Cyg without vorticity increases with in
increasing speed. The symbols represent the present result and are attached
to the appropriate no vorticity line by a vertical line. Conservation of
energy requires Cg be not more than unity. Thus Cg of unity represents
the flow energy limit. For the examples represented by the symbols, the con-
vective heating was less than half the 1.0
flow energy limit at the most. T/ T

Finally, flow-field solutions for sl i/ig
some of the nonablating small body ’
points of Tigures 28, 29, and 30 are
shown in figures 31, 32, and 33. The

u/ug
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PS*/J:R/"S Figure 31.- Nonisoenergetic flow field with shock
Figure 30.- Effect of Reynolds number on heat- layer vorticity for no mass addition
transfer coefficient for no mass addition. (U = 41,000 ft/sec, pg = 1 atm, R = 0.0104 ft},
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Figure 32.- Nonisoenergetic flow field with shock Figure 33.- Nonisoenergetic flow field with
layer vorticity for no mass addition shock layer vorticity for no mass addi-
(U = 41,000 ft/sec, pg = 10 atm, R = 0.01 ft). tion (U = 50,000 ft/sec, pg = 1 atm,

R = 0.02 ft).
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trend toward increased vorticity near the wall relative to that near the shock,
and toward a more nearly isoenergetic flow field behind the shock for higher
pressure can be seen from comparison of figures 31 and 32.

CONCLUDING REMARKS

The flow equations in the stagnation region of the shock layer of blunt
bodies (including mass, momentum, and energy transport phenomena) have been
solved for numerous examples at flight speeds up to 50,000 ft/sec in air. The
thermodynamic and transport properties of dissociating lonizing ailr were used
in the analysis.

Many results with mass addition (by transpiration or ablation) were
obtained. It was shown that convective heating was more strongly affected by
mass addition than was radiative heating for mass addition rates up to half
the free-stream mass flux (excluding effects of radiation from ablation prod-
ucts). Convective heating results were correlated by a simple relation which
shows that mass addition diminishes convective heating exponentially, where
the argument of the exponential is a simple function of flight speed and
Blasius type wall stream function to the 3/2 power, (-fw)s/z. Results with
mass addition for body nose radii between 0.0l and 5.0 feet, flight speeds
from 30,000 and 50,000 ft/sec, wall temperatures from 1500° to 3000° K, shock-
layer pressure levels from O.1 to 10.0 atmospheres, and surface mass addition
rates up to half the free-stream mass flux were correlated by the simple
expression.

Previous correlation formulas obtained from subsatellite speed results
do not correlate the present higher speed convective heating results cor-
responding to high mass addition rates.

The results with mass addition were used to study ablation at hyperve-
locity for which convection, gaseous radiation, and surface reradiation were
taken into account. At specified flight conditions (ranging in speed between
30,000 and 50,000 ft/sec and between 0.1 and 10.0 atm shock-layer pressure
level) for a given ablator, the nose radius which minimizes total heating rate
was determined. For this "optimum" nose radius, the following results were
obtained.

1. The ablation rate in terms of the stream function at the wall depends
only on the convective heating properties of the gas and is independent of the
gaseous radiation properties if reradiation from the surface itself is
negligible.

2. The ablation rate in terms of mass flux at the surface is not more
than one fourth the free-stream mass flux for the flight regime cited above
and is not more than half the free-stream mass flux at a speed of 70,000
ft/sec-
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3. The influence of mass addition on standoff distance is moderate, the
distance being enhanced by not more than 50 percent over its no-ablation value.

4. The gaseous radiation flux incident on the surface is larger than the
conduction flux by a factor of 2 to 9.

5. 1f the ablated vapors radiate like air, mass addition enhances the
incident radiant flux at the surface by less than 20 percent over the no-
ablation value.

6. If the ablated vapors radiate 10 times as strongly as air, mass addi-
tion enhances the incident radiant flux at the surface by less than 50 percent
over the airlike value.

7. The surface viscous shear stress is low; generally not more than 5
percent of the surface pressure.

In order to scale mass addition effects in terms of dimensionless concen-
tration profiles of the foreign species, it is necessary to match both
Reynolds number and either the stream function at the wall or the ratio of the
mass flux at the wall to that of the free stream.

Ablation rate and foreign species concentration profiles can be scaled
conveniently for very special heating conditions only. Constant velocity
scaling cannot be achieved for materials which reradiate importantly.

Finally, at low Reynolds numbers, the shock-layer vorticity enhances
both shear stress and convective heating over the no-vorticity values, the
effect being greater at higher speed and lower pressure.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., May 18, 1964
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APPENDIX A

FLOW-FIEID THEORY

The formulation of the flow-field analysis is the same as that described
in reference 1. We consider the stagnation region flow field as a whole with-
out subdividing it into a viscous nonadiabatic boundary layer and an inviscid
adiabatic shock leyer. The analysis includes the effects of viscosity, heat
conductiocn, diffusicn, emission and absorption of radiation, and takes into
account that the gas is both dissociated and ionized. The principal assump-
tion is that the gas is in chemical equilibrium.

DIFFERENTIAL EQUATIONS

The coordinate system for the analysis is shown in sketch (a). In the
stagnation region,

Shock
wave

Sketch (a)

r(x,y) = Hx (A1)
where

H=1+ (y/R) (a2)

The equatlons of mass conservation, momentum, energy, and diffusion are

9 (purk) + EL—(Hpvrk) =0 (43)
Ox Oy
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ou %% + Hpv S = - op + H 9 (p é%) (AL)

dy ox oy oy,
v , gy dv @ _ g3 .
pu S + Hpv Sy = H Sy (A5a)
i 3 _ u5>
o + Hov oy H Pr Oy

JCS
+ HpK [\/ﬁ o0T4(t)E1 (|t - T|)at - LoT* + EGTwéEZ(T}
O

(A6)
and

pu 752 + Hov — = H = ( oDf — (A7)

x Sy dy

A detailed discussion of these equations appears in reference 1. In if,
arguments were advanced to justify replacing equation (A5a) by

o _ 0 (A5D)
dy

However, for the case of mass addition at high rates, this replacement must be
examined more closely. If we confine attention to the stagnation regionm,
where x = 8 and for order of magnitude estimates say u ~ Ux/R o ~ e'lpm,

D ~ P05, Ov/dx ~ €Ux/R%, and x/R 1is of the order of €, the terms in equa-
tion (A5a) are of the size

€3+€%<—-——pv W) .2 -4
P..U O, P

respectively, where Ap d1is the change in pressure across the shock layer in
the y direction. Now if pv/pwU is of the order unity and av/ay ~ eU/S
the result is that A@/p is of the order €. Thus it is reasonable to
replace equation (A5a) with equation (A5b) for mass addition rates not in
excess of pyvy, = p U because (1) the pressure level across the shock layer
changes only of the order ¢ and (2) only the pressure level and not its
gradient normal to the wall is needed in the rest of the analysis. The advan-
tage of being able to use equation (A5b) rather than (A5a) is enormous.
Because of it, the effects of conduction and diffusion have been combined by
use of an equivalent total thermal conductivity (refs. 48 and 49) which is
contained in the Prandtl number.
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On the other hand, if PyVyy >> p“U (which is the case considered in
ref. 50), the y momentum equation (A5a) must be retained and the energy
equation (A6) cannot be written as it stands.

Finally , the radiation term in brackets in equations (A6) corresponds to
the assumptions of a grey gas,® black surface, and plane parallel shock layer.

The following definitions are needed:

j=h+___u2;-v2 (A8)
T
h, (T) =f cpy AT + hS (A10)
o]
y
- =f oK dy (A11)
O
00 -dw
E,(3) =f ewn aw (A12)
1
€ =p/pg (A13)

Boundary conditions for equations (A3) to (A7) are

1For the examples considered in the present paper, reabsorption of gase-
ous radiation for the grey case is of secondary importance. For this "trans-
parent" condition, it can be shown that the use of the grey gas approximation
with the Planck mean mass absorption coefficient leads to the correct total
gaseous radiation flux. Moreover, the local energy depletion in the flow
field by gaseous radiation (and coupling between radiative and convective heat
transfer) are also given correctly under these same circumstances.

Gaseous spectral considerations are only important to the present problem
if the absorptivity of the surface is a strong function of wavelength, which
it appears not to be. Specifically, the spectral absorptivity of phenolic
nylon ranges approximately between 1.0 and 0.8, of oxidized graphite between
1.0 and 0.9, and of zirconia between 0.9 and 0.8 for wavelengths between 0.34
and O.74 microns at temperatures between 2300° and 3300° K (ref. 51).
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at y =0
u=20 W
v o=V
M $ (A1k)
J = Jy
<§Cf/a¥>w = - <&W/wa> <}-cfw> )
at y =29 -
u = ug = UX/R
v = vg = -eU(1 - x2/2R2)
p = pg = p U?(1-¢€)(1-x2/RR) > (a15)
J =Jdg = U2/2
Cf =0
J

The Planck mean mass absorption coefficient for a mixture of air and
Toreign species is used in equation (A6) and is approximated by

K=K, [1 + cp(a - 1)} (A16)

as in reference 1.
TRANSFORMATIONS

The continuity equation (A3) is eliminated if a stream function is
adopted which satisfies it. Thus,

dw _ ours s Quw _ -Hovrk (ALT)
3 ox

Coordinates are transformed from x and y to £ and n as independent vari-
ables by the transformations

x k
¢(x) =f Pshg (ﬁ)z ug Gx (A18)
(e}
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n(x,y) =J£2i—€ (ﬁ)kfokap dy (A19)

The stream function is redefined such that
£(¢,1) = wi2g (A20)

Thus from equations (Al7) to (A20)

u _ of (A21)

Using the above transforms and the definitions

g = J/Js (A22)
T = T/T, (A23)
X = K/K, (A2k)
¢ = puEY/pghcHs™ (a25)

equations (AL), (86), and (A7) become (assumming that pgug is constant and
similarity exists)

(")t + ££" = G\:—%l—) [(f')z— 2 % (1 - e)] (A26)
N L *K - K —4 —4 =
<9ng + gt = - [-@Ri—Ti——)U;] K [fo °T (t)BE (]t - 7])at - 2T + Tw"‘Eg(T)]
(A27F

2For very optically thin shock layers (small R, U, or ps), reabsorption
in the gas 1s so slight that the method of evaluating the integral on the
right side of equation (A27)(as described in ref. 1) breaks down. In that
case the entire right side of equation (A27) may be replaced by

8RoT . *K _A_
+ [—-—S—S] T K

(k + 1)U8
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and

1
LD o) 4+ fert=0 A28)°3
(& o) + 2os (228)
respectively, where if it is assumed that p = p(y)
O.L.R N_
T =Ky [ 'S"—f K an (A29)
U(k + 1) Jg
The boundary conditions (Al4) and (A15) transform to
at 1 =20 -
R
f = vy = -0 —_—
v ow W\/ psHsU(k + 1)
£f1 =0
2h 5 (A30)
_ _
g = 8w = _U2
cfl= Cf 1 = -—Scp—c-> fW <l - wa>
W W
J
and at 1N = ng
RU
f =7fg =p _—
© o/ pghglk + 1) W
f' =fS, =1 } (A3l)4
g = 8g = 1
e = cfg = O )

3For want of better information, Sc¢ was set equal to Pr in actual cal-

culations involving the foreign species. A physical reasoning for this pro-
cedure may be thought of as follows. In general, the thermodynamic and
transport properties used for the flow-field solutions are those of partially
ionized and dissociated air. However, foreign species diffusion effects are
treated as though the mixture were binary, a foreign species and air. The use
of Schmidt number which varies like the Prandtl number then implies a constant
Lewis number of unity. This binary approach is not too disagreeable even for
atomic ionized air. In an analysis of a partially ionized diatomic gas
(ref. 52), three species, atoms, atomic ions, and electrons were treated as a
single species which diffuses as a unit with respect to molecules and the
results were reasonable.

“The value of s is actually determined where both fg and fg' are
satisfied simultaneously.
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SHOCK STANDOFF DISTANCE AND HEAT TRANSFER
The shock standoff distance is

5 = [ Boshs _ f“s an (232)
Uk +1)J, P

The total net heat-transfer rate at the surface i1s the sum of the convective
and radiative heating rates and is

s/ 2 (k + 1) — Ts
ap = - <%2U2 /pS“SR gt(0) + oTS4[Tw4 - 2fo ST4(t)E2(t)dtJ

(A33)°

SOLUTION OF THE EQUATIONS

The procedure for solving the set of integro-differential equations (A26),
(A27), and (A28) subject to boundary conditions (A30) and (A31) is described
in detail in reference 1. Briefly, it is an interative procedure initiated
by the assumption of profiles of @, ¢/Pr, p~%, and values of the right side
of equations (A27) as functions of 7. ZEquation (A26) is repeatedly inte-
grated numerically by use of the Adams-Moulton predictor-corrector variable
step integration scheme (ref. 53) until a value of f£"(0) is obtained for
which the numerical solutions satisfy the first two of boundary conditions
(A31). That solution of equation (A26) is then employed in solving equa-
tion (A27) for profiles of g (enthalpy). New profiles of o, m/Pr, p~1l, and
values of the right side of equation (A7) are calculated by use of the g
profiles and the entire process is repeated until convergence is obtained.

The guantities o, @/Pr, p™1, T, and K as functions of enthalpy at constant
pressure used in the computation were obtained from reference 54 and are based
on the results of references 55, 48, and 28.

The computations were performed by use of the IBM TO9L4 digital computer.
A solution at cne flight condition required from 5 to 15 minutes of machine
time.

SAgain for very optically thin shock layers, the method of reference 1
for evaluating the integral on the right side of equation (A33) breaks down.

t
In this case the term -2f T (t)Ex(t)dt can be replaced by
Q

oK —————Rpsus s T K 4
e Julk + 1) fo L
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APPENDIX B

BOUNDARY CONDITIONS BEHIND BOW SHOCK WAVE FOR
VERY SMALL NOSE RADII OR REYNOLDS NUMBER

The outer boundary condition (A1l5) employed for the energy equation (A6)

is
Jg = UB/2 (B1)

However, for nose radii small enough that a conductive heat flux exists Jjust
behind the shock, the boundary condition may be quite different from equa-
tion (Bl) as follows.t

For simplicity, we consider only the normal portion of the shock wave
and equate energy flux on each side of the shock thus,

(e D)o @) wn D)o (8),

where y and v are positive outward from the body. We employ the strong
shock approximation

u 2
(0,¢]
hoo << = (B3)
and assume
<§£ =0 (BY4)
dy o
From mass continuity,
-vg = €U (B5)
By use of equations (B2) through (BS)
U2 _ 1 (k dn (B6)

Js T 5 T o U cp dy/

1A similar difficulty exists with the outer boundary conditions on the
momentum equation because of vorticity behind the shock, as noted in refer-
ence 46. One way out of these difficulties is to integrate through the shock
wave and use the free stream as boundary conditions, as presented in refer-
ence 56. Even at that, many uncertainties in the shock wave (e.g., thermal
and chemical relaxation phenomena) remain at these high velocities.
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So we see that Jg 1is always less than U2/2 by an amount that cannot be
determined until the solution of the flow field behind the shock has been
obtained and (dh/dy)g is known. The problem at once becomes one of iterat-
ing not only on the simultaneous differential equations, but on their boundary
conditions as well.

We can estimate how much Jjg differs from U2/2 by assuming
@:-S wz& (B?)

Then Jjg becomes
s =L Lxey) (88)
2 (1+9)

where

(B9)

Kk Pr
i _"_"lET—'<é£> A
s
0 ({7 ()

Since ®/R is not a strong function of R, U, or pg 1in the examples consid-
ered, 7 1is inversely proportional to the Reynolds number and directly propor-
tional to the Prandtl number behind the shock wave. If 7y << 1, we have the
usual boundary condition Jjg = /2. However, as Re gets smaller, that is,

if then
- -
. U2
7 = 1 Js = T
7 >> 1 Js x§<l+ e2> f (B10)
Y
=
& >1  ple
J

In the 1limit the approximation tells us that Jg 1s much less than U2/2.

For the moment, we adopt the point of view that Jjg was specified, and
that the result of the corresponding solution might apply directly to a higher
flight speed. That 1s, the true flight speed is larger than the assumed
flight speed by the factor (1 + y)(1+ €. For the results in question,
shown in figure 29, the factor varies from 1.0 to 1l.2.

However, we cannot make direct application to the higher speed because
we then violate another of boundary conditions (Al5) in which the smaller
value of U was employed; namely, pgvg = -p U. For these reasons, the
present low Reynolds number results are considered to be first approximations.
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TABLE III.- PROPERTIES OF ABILATING SURFACESY

h T
. 8,7 W

Material £42 /sec? oy €y Oy

Teflon® | 2.38x107(8) 1000 1 and 0.5|1 and 0.5

Fhenolic | 3 755407(8) | 3700 (57) [ 0.6 (57) | 0.6 (57)

nylon

lvalues in the table are estimates made from infor-
mation in the references shown in parentheses.

2The temperature shown for Teflon is higher than
the 800° F (or 700° K) given by reference 8. However,
it is of no consequence because reradiation from the
higher temperature is still negligible. It should be
noted that in applying our V¥ results to Teflon, we have
not made any allowance for the presence of a finite
asymptote (see footnote, p. 10). If indeed a finite
asymptote does exist at hypervelocity, we must consider
our Teflon results to apply instead to a material which
has the properties shown above but which does not have
a finite ¥ asymptote.

TABLE IV.- SCALING FOREIGN SPECIES EXAMPLES

i UXlO_%: Pss | - _Iil_ R,
Fleure | T Jsee | atm fw p U | £t fe

18 h.1 1 |1.0]0.5 [0.01 1.1ux1o§
19 L.l 1 1] .05 | .01 | 1.1Lx10
20 b1 i |1.0| .05 [1.0 1.14x10%
21 b1 1 .1 .005]1.0 1.1ux1o:
) 3 1 3| .05 | .0631.19x107
23 b1 10 3| .05 | .011 | 1.05X10_
ol b1 1 310 .05 ] .1 1.14x10_
25 5 1 .3 .05 LO7h | 1.26%10

NASA -Langley, 1964




